A central problem when studying adaptation to a new environment is the interplay between genetic variation and phenotypic plasticity [1] [2] [3] . Arabidopsis thaliana has colonized a wide range of habitats across the world and it is therefore an attractive model for studying the genetic mechanisms underlying environmental adaptation 4, 5 . Here, we used publicly available data from two collections of A. thaliana accessions, covering the native range of the species 4,6-11 , to identify loci associated with differences in climates at the sampling sites. To address the confounding between geographic location, climate and population structure, a new genome-wide association analysis method was developed that facilitates detection of potentially adaptive loci where the alternative alleles display different tolerable climate ranges. Sixteen novel such loci, many of which contained candidate genes with amino acid changes, were found including a strong association between Chromomethylase 2 (CMT2) and variability in seasonal temperatures. The reference allele dominated in areas with less seasonal variability in temperature, and the alternative allele, which disrupts genome-wide CHH-methylation, existed in both stable and variable regions. Our results link natural variation in CMT2, and differential genome-wide CHH methylation, to the distribution of A. thaliana accessions across habitats with different seasonal temperature variability. They also suggest a role for genetic regulation of epigenetic modifications in natural adaptation, potentially through differential allelic plasticity, and illustrate the importance of re-analyses of existing data
associated with eight climate variables ( Table 1) , none of which could be found using standard methods for GWAS analyses 4, 5, [15] [16] [17] . The effects were in general quite large, from 0.3 to 0.5 residual standard deviations (Table 1) Utilizing data from the 1001-genomes project [6] [7] [8] [9] [10] [11] (http://1001genomes.org), we identified five functional candidate genes (Table 1 ) and 11 less well characterized genes (Supplementary Table 1) with either missense, nonsense or frameshift mutations in high linkage disequilibrium (LD; r 2 > 0. 8) with the leading SNPs. 76 additional linked loci or genes without candidate mutations in the coding regions are reported in Supplementary Table 2. A strong association to temperature seasonality was identified near Chromomethylase 2 (CMT2; Table 1 , Fig. 1 ). Temperature seasonality is a measure of the variability in temperature over the year, where stable areas are generally found near large bodies of water (e.g. London near the Atlantic 11 ± 5 • C; mean ± SD) and variable areas inland (e.g. Novosibirsk in Siberia 1 ± 14 • C). A premature CMT2 stop codon located at 10 414 556 bp segregated in the RegMap collection with a minor allele frequency (MAF) of 0.05. This CMT2STOP allele was in strong LD (r 2 = 0.82) with the leading SNP (Fig. 1B) . The geographic distribution of the CMT2STOP and CMT2 wild-type (CMT2WT) alleles in the RegMap collection shows that the CMT2WT allele is almost exclusively found in accessions from areas with low temperature seasonality and that the CMT2STOP allele exists across a broader range of climates. This result strongly suggest that this locus is involved in adaptation to temperature seasonality ( Fig. 2A) .
The CMT2/temperature seasonality association was also found in a separate dataset containing 665 re-sequenced accessions from the 1001-genomes project (http://1001genomes.org) 6,7,9-11 for which geographic origins were available (Supplementary Methods). In this more geographically diverse set ( Fig. 2A) , CMT2STOP was more common (MAF = 0.10). Two additional mutations were also identified on unique haplotypes (r 2 = 0.00) -one nonsense CMT2STOP2 at 10 416 213 bp (MAF = 0.02) and a frameshift mutation at 10 414 640 bp (two accessions). Single locus association tests for CMT2STOP2 and CMT2STOP2 revealed similar genetic effects for both alleles (Fig. 1B) that were highly significant for the CMT2STOP allele (nominal P = 1.1×10 -17 ) and non-significant for CMT2STOP2 (nominal P = 0.06). The association test for CMT2STOP2 was, however, underpowered due to the small sample-size (n = 17). Also, the existence of multiple, wide-spread mutations disrupting CMT2 suggest it as an evolutionary beneficial event.
CMT2 is a regulator of DNA methylation in A. thaliana 18 . Epigenetics, including chromatin and DNA methylation-based mechanisms, has been suggested as a potentially adaptive inheritance mechanism at the interface between genetic control and the environment 19 . DNA methylation defects leads to pleiotropic morphological changes in plants 20 , including phenotypic plasticity 21 .
Transcriptional reprogramming is also a central regulatory mechanism in temperature response 22 .
The integrity of the RNA-directed DNA methylation (RdDM) pathway 23 is important for basal heat tolerance in A. thaliana 24 . CMT2 and the Arabidopsis nucleosome remodeler DDM1 is involved in an RdDM independent CHH methylation and plants with a mutated CMT2 display a major loss of CHH methylation 18 . These results, together with the identification of three loss-of-function alleles across the natural A. thaliana accessions, suggest a role of an altered genome-wide methylation pattern, i.e. a trans-regulation of the epigenetic states of other obligatory epialleles 19 , in adaptation to seasonal temperature variability.
We tested the epigenetic effect of CMT2STOP on genome-wide DNA methylation using 131 CMT2WT and 17 CMT2STOP accessions, for which MethylC-sequencing data was publicly available 11 . A methylome-wide association (MWA) analysis between CMT2STOP and the methylation-state at ~6 million single methylation polymorphisms (SMPs) identified ~3,000 methylome-wide significant associations ( Supplementary Fig. 15 ). The multi-locus association patterns were visualized using "identity-by-methylation-state" (IBMS) matrices that quantify the total pairwise similarity in the methylation-patterns between accessions separately for all methylation types (CG, CHG and CHH). Fig. 3A shows the CHH-IBMS which illustrates that CHH-methylation is homogenous across the clear majority of these sites for the CMT2WT accessions. Interestingly, the methylation-pattern is more heterogenous among the CMT2STOP accessions, with a small overlap both among CMT2STOP accessions and between CMT2STOP and CMT2WT accessions, indicating a shared residual, non-CMT2 mediated CHH methylation. We confirmed that the differential methylation detected in the CMT2STOP and CMT2WT accessions is consistent with the effects of disrupting CMT2, by showing that the level of CHH-methylation across the MWA detected sites was significantly lower in four t-DNA insertion cmt2 knock-out 18 than in CMT2WT plants (Fig. 3B ). No such difference was found for CHG and CG methylation sites (Fig. 3C,D) .
A significant two-locus interaction between CMT2STOP and the leading SNP at the Betagalactosidase 8 (BGAL8) locus was associated with temperature-seasonality ( Supplementary Fig.   14A ). When considered jointly in the RegMap collection 4 , BGAL8 and CMT2 had significant marginal (nominal PBGAL8 = 2.6 × 10 -26 and PCMT2 = 4.8 × 10 -4 ) and interaction (nominal PBGAL8×CMT2 = 1.0 × 10 -3 ) effects. In the 1001-genomes data 6,7,9-11 , the effects were even more significant (nominal PBGAL8 = 3.3 x 10 -29 ; PCMT2 = 7.4 × 10 -4 ; PBGAL8×CMT2 = 6.5 × 10 -5 ), most likely due to the larger number of minor-allele double homozygotes (nRegMap = 17 v.s. n1001-genomes = 32).
The accessions carrying both alternative alleles are found in the regions with the most extreme seasonal variability in temperature ( Supplementary Fig. 14B ).
We identified several alleles associated with a broader range of climates across the native range of A. thaliana, suggesting that a genetically mediated plastic response might be of importance in climate adaptation. A mutated epigenetic mechanism involving DDM1-dependent, CMT2 mediated CHH-methylation was strongly associated with adaptation to variability in seasonal temperatures, a finding suggesting that genetically determined epigenetic variability might contribute to a phenotypic plasticity of adaptive advantage in natural environments. In a parallel study, Dubin et al found that RdDM-based TE silencing is temperature sensitive and under control by CMT2, a finding that supports our finding of a likely involvement of CMT2 variation in adaptation to temperature. The highly significant epistatic interaction between CMT2 and BGAL8 has no obvious molecular explanation. We interpret it as a possible reflection of the fact that fitness is determined jointly by multiple life-history traits that together contribute to survival in extreme environments.
When multiple loci are beneficial in the same environment, this will then result in a statistical interaction in the association analysis. Traits such as seed dormancy, vegetative growth rate and flowering time follow latitudinal and longitudinal gradients, and joint evolution of these traits might therefore be adaptive 25 . Here, the CMT2 differential methylation, together with the temperaturedependent expression of BGAL8 expression 26 and the general role of galactosidases in ripening and germination 27 , might be a contributing factor to this complex pattern of multi-trait adaptation.
Methods summary:
We performed a genome-wide association (GWA) analysis for genetic variance heterogeneity between genotypes 12 for 13 climate variables across 214,553 SNPs in the RegMap A. thaliana collection 14 . A full linear mixed model utilizing a recently developed estimator for the genomic kinship 13 was implemented to correct for the population structure and control the rate of falsepositives due to population stratification. Stringent quality control (QC) was used including a 5% minor allele frequency (MAF) cutoff in combination with genomic control 28 and model checking 29 . The association between CMT2 and temperature seasonality was replicated using the 665 accessions from the 1001-genomes project (http://1001genomes.org) 6,7,9-11 with available geographic origins. The methylome-wide association (MWA) analysis was conducted at 6,120,869
SMPs that were methylated in more than 5% of the 131 CMT2WT and 17 CMT2STOP accessions with MethylC-sequencing data 30 using the "qtscore" routine in the GenABEL package 31 . We screened for functional candidate mutations in high LD (r 2 > 0.8) with the leading SNP in the regions 100 kb up-and down-stream of the leading SNPs at the 16 significant loci using 728 available full-genome sequences from the 1001-genomes project [6] [7] [8] [9] [10] [11] . Mutations were classified using the Ensembl Variant Effect Predictor 32 , and functional effects of missense mutations were predicted using the PASE software 33 .
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